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(57) 	 ABSTRACT 
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vidual components. A solution vector is configured and 
ordered as a function of one or more inlet dependencies of the 
plurality of individual components. A fluid flow simulator 
simulates thermal energy being communicated with the flow-
ing fluid and between first and second components of the 
plurality of individual components. The simulation extends 
from an initial time to a later time step and bounds heat 
transfer to be substantially between the flowing fluid, walls of 
tubes formed in each of the individual components of the 
plurality, and between adjacent tubes. Component parameters 
of the solution vector are updated with simulation results for 
each of the plurality of individual components of the simula-
tion. 
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void HTE::Set_Outlet_AII_XGas( Time—Block *tb, double total—mass, double old—total—mass, 
double mass—flow—rate) 

Outlet *main_outlet_ptr; 
Outlet *outlet_ptr; 
XGAS *main_xgas_ptr; 
XGAS *xgas_ptr; 

double avg_inlet; 
double avg_outlet; 
double xgas_added; 
double dt = tb->increment; 

FIG. 11 

for( int i = 0; i < outlets->size0; i++ ) 
{ 

main_outlet_ptr = Get_Outlet(i); 
if(main_outlet—ptr != NULL && main_outlet_ptr->XGasses->size0 > 0) 

break; //get first outlet with XGas information 
} 

FIG. 12 

if(xgas_calc == FALSE) 

for( intj = 0; j < main_outlet_ptr->XGasses->size0; j++ ) 
{ 

main_xgas_ptr = main_ outlet_ ptr->Get_XGasoj; 
avg_inlet = Average_Inlet_XGas( main_xgas_ptr->gasname ); 
avg_outlet = Average_Outlet_XGas( main_xgas_ptr->gasname ); 
xgas_added = 0.0; 

for( int k = 0; k < outlets->size0; k++ ) 
{ 

outlet_ptr = Get_Outlet(k); 

xgas_ptr = outlet_ptr->Get_XGas(j); 

FIG. 13 
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if(xgas_ptr->amount_on && !xgas_ptr->rate_on) 
{ 

xgas_added += xgas_ptr->desired_amtxgas_ptr- 
>amount_released; 

xgas_ptr->amount_released = xgas_ptr->desired_amt; 
xgas_ptr->amount_on = FALSE; 

FIG. 14 

else if(!xgas_ptr->amount_on && xgas_ptr->rate_on) 
{ 

xgas_added += dt * xgas_ptr->rate; 
} 

FIG. 15 

else if(xgas_ptr->amount_on && xgas_ptr->rate_on) 
{ 

if((dt*xgas—ptr->rate + xgas_ptr->amount_released) 
> xgas_ptr->desired_amt) 	//Check for rate that will exceed amount in one time step 
(use amount calculation) 

xgas_added += xgas—ptr->desired_amt - 
xgas_ptr->amount_released; 

else 
xgas_added += dt * xgas_ptr->rate; 

xgas_ptr->amount_released += xgas_ptr->rate * dt; 
if(xgas_ptr->amount_released >= 

xgas_ptr->desired_amt) 

xgas_ptr->rate_on = FALSE; 
xgas_ptr->amount_on = FALSE; 
xgas_ptr->amount_released = 

xgas_ptr->desired_amt; 

} 

FIG. 16 
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if(total_mass > old—total—mass && total—mass > 0.0 && 
old—total—mass > 0.0) 

avg_outlet = avg_outlet * (old—total—mass/total—mass); 

if(total_mass > 0.0) 
avg_outlet += ((avg_inlet - avg_outlet) * mass—flow—rate * dt 

+ xgas_added) / total—mass; 
else 

avg_outlet = avg_inlet + xgas_added / (mass—flow—rate * dt); 
Set_Outlet_XGas( avg_outlet, main_xgas_ptr->gasname, 0.0); 

xgas_calc = TRUE; 
} 

FIG. 17 

void Air_Scrubber::XGas_TCCS (Ti me_Block *tb, std::ostream* report) 

Outlet *main_outlet_ptr; 
XGAS *main_xgas_ptr; 

double inlet—temperature; 
double inlet—pressure; 
double mass _ flow _rate; 
double fluid density = 0.0; 
double volume—flow—rate = 0.0; 

double avg_inlet; 
double avg_outlet; 
double dt = tb->increment; 
double efficiency = 0.0; 
double efficiency2 = 0.0; 
double efficiency sum = 0.0; 
double poison sum = 0.0; 

inlet—pressure = Inlet—Pressure(; 
inlet—temperature = Average_Inlet_Temperature(report); 

mass—flow—rate = Total_Mass_Flow_Rateo ; 

fluid—density = flu id_properties-> Dens ity(inlet_temperatu re, inlet_pressure); 	//result - Ib/ft3 
volume—flow—rate = (mass—flow—rate/fluid—density); 	//result - ft3/hr 

main_outlet_ptr = Get_Outlet(0); 

FIG. 18A 
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if(main_outlet_ptr != NULL && xgas_calc == FALSE) 
{ 

for(int i = 0; i < main_outlet_ptr->XGasses->sizeo ; i++) 
{ 

main_xgas—ptr = main_outlet_ptr->Get_XGas(i); 
avg_inlet = Average—Inlet _XGas( main_xgas_ptr->gasname ); 
efficiency_sum = 0.0; 

if(avg_inlet < 1 E-26) Hequation limits -1 E-20 limit for mg/m3,1 E-26 for lb 
cont./lb air @ 77 degf, 1 atm 

{ 

avg_inlet = 0.0; 
Set_Outlet_XGas( avg_inlet, main_xgas_ptr->gasname, 0.0 ); 

} 

else 
{ 

if(method == 3) //Radial charcoal beds in two UGH cans 
{ 

volume—flow—rate = 30 * 60; /130 cfm - UGH single can 
flow rate (when considering bypassed flow), result - ft3/hr 

for(int j = 0; j < 2; j++) //loop for both canisters 
{ 

efficiency = 0.0; 
efficiency2 = 0.0; 

if(acido] && _stricmp("Ammonia", 
main_xgas_ptr->gasname)==0) 

{ 

efficiency = Get_Acid_Treated_Eff(radial, 
main_xgas_ptr->bed_m_adsorbed(j]); 

} 

else if(chromateo] && _stricmp("Formaldehyde", 
main_xgas_ptr->gasname)==0) 

{ 

efficiency = Get_Chromate_Imp_Eff(radial, 
main_xgas_ptr->bed_m_adsorbedo], 

volume—flow—rate); 
} 

else 
{ 

efficiency = Get_Untreated_Eff(radial, j, 
main_xgas_ptr, avg_inlet, inlet—temperature, 

volume_flow_rate*fluid_density, 
fluid—density, volume—flow—rate, dt); 

FIG. 18B 
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if(efficiency < eff_min) 
efficiency = 0.0; 

if(efficiency > eff max) 
efficiency = eff_max; 

main_xgas_ptr->bed_m_adsorbedO] += avg_inlet 
volume—flow—rate * fluid—density * dt * efficiency; 

//Get UGH removal efficiency if the user has 
defined a removal factor and decrement 

//LiOH mass used for contaminant removal purposes. 
if(main_xgas_ptr->lioh_use_factor > 0.0) 
{ 

efficiency2 = Get_LiOH_Removal_Effa, 
main_xgas_ptr); 

if(efficiency2 < eff_min) 
efficiency2 = 0.0; 

if(efficiency2 > eff_max) 
efficiency2 = eff_max; 

// 	 main_xgas_ptr->lioh_bed_m_usedo] += 
avg_inlet * volume—flow—rate * fluid—density * dt * efficiency2 
11 	 I main_xgas_ptr->lioh_use_factor; 

lioh_massU] -= avg_inlet 
volume—flow—rate * fluid—density * dt * efficiency2 	

* main_xgas_ptr->lioh_use_factor; 

if(lioh_mass[] <= 0.001 ) 
{ 

lioh_massU] = 0.0; 
} 

} 

efficiency_sum += (1.0 - efficiency)*(1.0 - 
efficiency2); 	//Charcoal and UGH in series 

efficiency = (2.0 - efficiency_sum) / 2.0; //Two 
canisters in parallel 

FIG. 18C 
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avg_outlet = avg_inlet * (1.0 - efficiency); // 
Canister outlet concentration 

avg_outlet = (avg_inlet*(mass_flow_rate - 
2*volume_flow_rate*fluid_density) + 
avg_outlet*2*volume_flow_rate*fluid_density)/mass —flow _ rate; //Device 
outlet concentration (when considering bypassed flow) 

Set_Outlet_XGas( avg_outlet, main_xgas_ptr- 
>gasname, efficiency); 

} 

else if(method == 5 11 method == 6) 	//Radial or 
axial charcoal bed 

{ 

if(acid[0] && _stricmp("Ammonia", main_xgas_ptr- 
>gasname)==0) 

efficiency = Get_Acid_Treated_Eff(radial, 
main_xgas_ptr->bed_m_adsorbed[0]); 

} 

else if(chromate[0] && _stricmp("Formaldehyde", 
mai n_xgas_ptr->gasn ame)==0) 

{ 

efficiency = Get_Chromate_Imp_Eff(radial, 
main_xgas_ptr->bed_m_adsorbed[0], volume—flow—rate); 

} 

else 
{ 

efficiency = Get_Untreated_Eff(radial, 0, 
main_xgas_ptr, avg_inlet, inlet—temperature, 

mass—flow—rate, fluid—density, 
volume—flow—rate, dt); 

} 

if(efficiency < eff_min) 
efficiency = 0.0; 

if(efficiency > eff_max) 
efficiency = eff max; 

main_xgas_ptr->bed_m_adsorbed[0] += avg_inlet 
mass—flow—rate * dt * efficiency; 

avg_outlet = avg_inlet * (1.0 - efficiency); 

Set_Outlet_XGas(avg_outlet, main_xgas_ptr->gasname, 
efficiency); 

FIG. 18D 
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Catalytic Oxidizer) 

>gasname)==0 

>gasname)==0) 

} 

else if(method == 7) //ATCO (Ambient Temperature 

{ 

if(_stricmp("Carbon Monoxide", main_xgas_ptr- 

_stricmp("Hydrogen", main_xgas_ptr- 

{ 

efficiency = Get_ATCO_Eff(volume_flow_rate); 
} 

else 
efficiency = 0.0; 

if(efficiency < eff_min) 
efficiency = 0.0; 

if(efficiency > eff_max) 
efficiency = eff_max; 

avg_outlet = avg_inlet * (1.0 - efficiency); 

Set_Outlet_XGas( avg_outlet, main_xgas_ptr- 
>gasname, efficiency); 

} 

else if(method == 8) 	//High Temperature Catalytic Oxidizer 
{ 

efficiency = Get_Oxidizer_Eff(main_xgas_ptr); 

if(efficiency < eff_min) 
efficiency = 0.0; 

if(efficiency > eff_max) 
efficiency = eff_max; 

if(main_xgas—ptr->category == 611 main_xgas_ptr- 
>category == 7 II 

main_xgas—ptr->category ==12) 
{ 

poison sum += avg_inlet * mass—flow—rate * dt * efficiency; 
} 

avg_outlet = avg_inlet * (1.0 - efficiency); 

Set_Outlet_XGas( avg_outlet, main_xgas_ptr- 
>gasname, efficiency); 

} 

else if(method == 9) //Generic XGas Removal Device 

FIG. 18E 
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if(Get_Generic_Eff(main_xgas_ptr->gasname) != NULL) 
efficiency = 

(Get_Generic_Eff(main_xgas_ptr->gasname))->efficiency; 
else 

efficiency = 0.0; 

if(efficiency < eff_min) 
efficiency = 0.0; 

if(efficiency > eff_max) 
efficiency = eff_max; 

avg_outlet = avg_inlet W  (1.0 - efficiency); 

Set_Outlet_XGas( avg_outlet, main_xgas_ptr- 
>gasname, efficiency); 

else 	//default - set outlet to inlet 
{ 

Set_ Outlet_ XGas(avg_inlet, main_xgas_ptr- 
>gasname, 0.0); 

poison _total += poison _sum; //Store sum of poisons local 
variable for time step in scrubber member variable 

} 

} 

FIG. 18F 
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double Air Scrubber::Get_Untreated_Eff(BOOL radial, intj, XGAS* 
main_xgas_ptr, double avg_inlet, double inlet—temperature, 

double mass _flow _rate, 
double fluid—density, double volume_flow_rate, double dt) 
{ 

double bed length = 0.0; 
double bed weight = 0.0; 
double bed velocity = 0.0; 
double adsorpt_potential = 0.0; 
double adsorpt_zone_len = 0.0; 
double avail_adsorpt_len = 0.0; 
double len_utilized = 0.0; 
double bed—usage—rate = 0.0; 
double qi = 0.0; 
double efficiency = 0.0; 
double effav = 0.0; 
double eff_beduse = 0.0; 
double prev_effav = 0.0; 
double avg_adsorpt_len = 0.0; 
double pi = 3.14159265359; 

if(radial) 	//Determine physical characteristics of a radial 
charcoal bed (assumes thin bed) 

{ 
bed—length = (bedod - bedid)/2.0; 	//result - in 
bed—weight =charcoal_density/(2.2046*pow(12.0,3.0))*(pi14.0) 

*(pow(bedod,2.0)-pow(bedid,2.0))*cartridge_length; /12.2046 lb/kg, 12 in/ft, result - kg 
bed—velocity = (volume_flow_rate/60.0)/(pi*((bedod+bedid)/2.0 

_ cartridgelength)/144.0); 	/N = Q/A, 144 in2/ft2, result - fVmin 
} 
else 	//Determine physical characteristics of an axial charcoal bed 
{ 

bed—length = cartridge_length; 
bed _weight = charcoal_density/(2.2046*pow(12.0,3.0))*(pi/4.0) 

*pow(bedod,2.0)*cartddge_length; //2.2046 lb/kg, 12 in/ft, result - kg 
bed—velocity = (volume_flow_rate/60.0)/((pi/4.0)*pow(bedod,2.0)/ 

144.0); IN = Q/A, 144 in2/ft2, result - ft/min 
} 

if(bed_length <= 0.0 11 bed—weight <= 0.0 11 bed—length <= 0.0) 
ensure non-zero physical parameters 

return 0.0; 

FIG. 19 
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adsorpt_potential = ((inlet—temperature - 32)*(5.019.0) + 273)/ 
(main_xgas_ptr->vmol) 

*log 10(mai n_xgas_ptr->vconc/(avg_inlet/ 
2.2046*1 E6*fluid_density/pow(0.3048,3.0))); 	//2.2046 Ib/kg, 10"6 
mg/kg, 0.3048 m/ft, result - Kgmol/cm3 

FIG. 20 

adsorpt_zone_len = (adsorpt_potential * 0.000275 * 
(pow((bed_velocity/1.3),0.8))) / 0.0254; // 0.0254 m/in, result - in 

qi = Find_QI(adsorpt_potential, main_xgas_ptr->sol); //result - cc 
liquid contaminant/gm charcoal 

bed—usage—rate = coexist*bed_length/(2.2046*main_xgas_ptr-
>dcont*bed_weight*qi); //2.2046 lb/kg, result - in bed consumed/lb 
contaminant 

avail_adsorpt_len = bed—length - main_xgas_ptr- 
>bed_m_adsorbedo]*bed_usage_rate; //result - in bed available; 

if(avail_adsorpt_len < 0.0)avail_adsorpt_len = 0.0; 
if((avail_adsorpt_len/adsorpt_zone_len) > 20.0) 

efficiency = eff_max; 
else 

FIG. 21 
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prev _effav = 0.0; 
while(fabs(effav - prev—effav) > 1 E-15) 
( 

len_utilized = avg_inlet * mass—flow—rate * effav * dt 
* bed—usage—rate; 	// result - in 

if(len_utilized > avail_adsorpt_len)break; 
avg_adsorpt_len = avail_adsorpt_len - len_utilized/2.0; 
if((avg_adsorpt_len/avail_adsorpt_len) >= 20.0) 

effav = eff_max; 
break; 

} 

prev—effav = effav; 
effav = eff_max * (1 - exp(-2.3025851 

(avg_adsorpt_len/adsorpt_zone_len))); 
} 

efficiency = effav; 

eff_beduse = avail_adsorpt_len/(avg_inlet * mass—flow—rate 
* dt * bed—usage—rate); 

if(efFciency > eff beduse) 
efficiency = eff_beduse; 

return efficiency; 

vp 

FIG. 22 
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THERMAL ANALYSIS SYSTEM 

GOVERNMENT LICENSE RIGHTS 

This invention was made with Government support under 
Boeing subcontract 6000132079 awarded by United Space 
Alliance under prime contract NNJ06VAOIC awarded by 
NASA. The Government has certain rights in this invention. 

BACKGROUND INFORMATION 

1. Field 
The present disclosure relates generally to heat transfer, 

and in particular to heat transfer in objects. Still more particu-
larly, the present disclosure relates to a method and apparatus 
of analyzing heat transfer in thermal fluid systems. 

2. Background 
Older forms of software for analyzing thermal fluid sys-

tems have been developed. However, the typical method used 
to model heat transfer phenomena is the finite differencing 
method. A difficulty of using the finite differencing method 
results from the process of breaking down the physical system 
into a set of differential equations. Often, this level of detail is 
prohibitive from a computer runtime standpoint. In other 
words, use of the finite differencing method in real-world 
models might result in a thermal fluid analysis that requires an 
undesirable amount of time to perform. Furthermore, in the 
past, separate tools were used for thermal fluid analysis, pres-
sure drop analysis, and trace contaminant analysis. Thus, a 
full analysis of a thermal fluid system might be undesirably 
unwieldy, as well as time intensive and expensive. 

As a result, the time and expense increase for designing and 
manufacturing articles to which the thermal fluid analysis 
will apply, such as but not limited to buildings or vehicles, 
especially space vehicles such as the space shuttle. In some 
cases, the thermal fluid analysis might be considered manda-
tory, in which case reducing the time, effort, and costs asso-
ciated with the thermal fluid analysis becomes highly desir-
able. Accordingly, it would be advantageous to have a method 
and apparatus, which takes into account one or more of the 
issues discussed above as well as possibly other issues. 

SUMMARY 

The advantageous embodiments may provide for a thermal 
fluid modeling system. A thermal fluid system modeler is 
provided, including a plurality of individual components. A 
solution vector is configured from the plurality of individual 
components and being ordered as a function of one or more 
inlet dependencies of the plurality of individual components. 
A fluid flow simulator is adapted to simulate thermal energy 
being communicated with the flowing fluid and between first 
and second components of the plurality of individual compo-
nents. The simulation extends from an initial time to a later 
time step and bounds heat transfer to be substantially between 
the flowing fluid, walls of tubes formed in each of the indi-
vidual components of the plurality, and between adjacent 
tubes. Component parameters of the solution vector are 
updated with simulation results for each of the plurality of 
individual components of the simulation. 

The advantageous embodiments may also provide for a 
method for modeling a thermal fluid system. A thermal fluid 
system is modeled as a plurality of individual components. A 
solution vector is configured from the plurality of individual 
components. The solution vector includes a list of the plural-
ity of individual components in an order of inlet dependency 
of the plurality of individual components. A flow of fluid is 

2 
simulated from a first component in the plurality of individual 
components to a second component in the plurality of indi-
vidual components. The simulation beginning at an initial 
time and assuming that tubes in the plurality of individual 

5  components are well insulated so that, with respect to the 
tubes, heat transfers only between the fluid and a given tube 
wall and between the fluid and between adjacent tubes. Com-
ponent parameters are updated with simulation results. The 
flow of fluid simulation is advanced according to a time step. 

10 The flow of fluid is re-simulated from the first component to 
the second component and re-updating the component 
parameters. 

The advantageous embodiments may also contemplate a 
15  computer processing means adapted to carry out a method 

such as that provided above. The advantageous embodiments 
may also contemplate a method of manufacturing including 
the method provided above, with the additional operations of 
producing and storing a result of the simulation and perform- 

20 ing one of manufacturing or modification of one of a vehicle 
and a building using the thermal fluid model. Other advanta-
geous embodiments are also contemplated as provided else-
where herein. 

The features, functions, and advantages can be achieved 
25  independently in various advantageous embodiments of the 

present disclosure or may be combined in yet other advanta-
geous embodiments in which further details can be seen with 
reference to the following description and drawings. 

30 	BRIEF DESCRIPTION OF THE DRAWINGS 

The novel features believed characteristic of the advanta-
geous embodiments are set forth in the appended claims. The 

35  advantageous embodiments, however, as well as a preferred 
mode of use, further objectives and advantages thereof, will 
best be understood by reference to the following detailed 
description of an advantageous embodiment of the present 
disclosure when read in conjunction with the accompanying 

40 drawings, wherein: 
FIG. 1 is an illustration of a block diagram of a thermal 

fluid analysis system environment in which an advantageous 
embodiment may be implemented; 

FIG. 2 is an illustration of a block diagram of a data pro-
45 cessing environment in which the advantageous embodi-

ments may be implemented; 
FIG. 3 is an illustration of a block diagram of a small 

system loop depicted in accordance with an advantageous 
embodiment; 

50 	FIG. 4 is an illustration of a block diagram of an internal 
loop depicted in accordance with an advantageous embodi-
ment; 

FIG. 5 is an illustration of a block diagram of a multi-loop 
depicted in accordance with an advantageous embodiment; 

55 FIG. 6 is an illustration of a diagram demonstrating XGas 
propagation theory depicted in accordance with an advanta-
geous embodiment; 

FIG. 7 is an illustration of a graph of non-limiting output of 
a thermal fluid analysis system performed according to the 

60 techniques described herein depicted in accordance with an 
advantageous embodiment; 

FIG. 8 is an illustration of a flowchart illustrating a process 
of performing a thermal fluid analysis depicted in accordance 
with an advantageous embodiment; 

65 	FIG. 9 is an illustration of a block diagram of a thermal 
fluid system modeler depicted in accordance with an advan-
tageous embodiment; 
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FIG. 10 is an illustration of a flowchart illustrating a pro-
cess of performing a thermal fluid analysis depicted in accor-
dance with an advantageous embodiment; and 

FIGS. 11 through 22 are illustrations of pseudo code for 
how to encode an XGas propagation theory in the advanta-
geous embodiments described herein, in accordance with an 
advantageous embodiment. 

DETAILED DESCRIPTION 
10 

As mentioned above, the typical method used to model 
heat transfer phenomena is the finite differencing method. 
This method begins with breaking the physical system down 
into elements from which a set of energy balance differential 
equations can be written. A differential approximation 15 

method is then applied to the system of equations to yield a set 
of differencing equations. 

The difficulty in using a finite differencing scheme is in the 
process of breaking down the physical system into a set of 
differential equations. This process is straightforward for 20 

active thermal elements such as tubes, but for more complex 
elements, such as heat exchangers, radiators, flash evapora-
tors, and like components, the nodalization process may yield 
very large and complex sets of differential equations. Often, 
this level of detail is prohibitive from a computer runtime 25 

standpoint. 
For this reason, the advantageous embodiments described 

herein might not use the finite differencing method. Instead, 
the advantageous embodiments described herein may assume 
that the tubes in the system are well insulated so that only the 30 

heat transfer between the fluid and tube wall and between 
adjacent tubes is modeled. The system described in the model 
file may be broken down into its individual components, 
which might be tubes, cold plates, heat exchangers, and other 
components of a thermal system. A solution vector may be 35 

built from the components and flow may then be simulated 
with fluid being transferred from one component to the next. 
The solution vector of components in the model file may be 
built at the initiation of the run. This solution vector may be a 
list of components in the order of their inlet dependency on 40 

other components. The component parameters may be 
updated in the order in which they appear in the list at every 
time step. 

As a result of this analysis, an approximation of the behav-
ior of the thermal fluid system maybe output for storage or for 45 

review by a user. In the case of a vehicle, such as the space 
shuttle, an approximate model may be created regarding how 
heated air flows through the various compartments of the 
space shuttle. The model may be used to determine whether 
thermal fluid flow may be considered acceptable, or whether 50 

changing the design of the closed thermal system might be 
desirable. Because this analysis may be performed quickly 
and efficiently using the advantageous embodiments 
described herein, the advantageous embodiments may sub-
stantially reduce the time, expense, and complexity of design- 55 

ing and manufacturing closed thermal fluid systems, such as 
but not limited to the space shuttle. 

Similar models may be generated for other vehicles and 
also for buildings. Examples of other vehicles to which the 
advantageous models might apply could be other space 60 

vehicles such as but not limited to low earth orbit vehicles, 
re-entry vehicles, interplanetary vehicles, and interstellar 
vehicles. The advantageous embodiments may also apply to 
terrestrial vehicles such as but not limited to aircraft, automo-
biles, tanks, busses, marine vehicles such as but not limited to 65 

ships or boats, or any other vehicle. Examples of buildings to 
which the advantageous models may be applied include ter- 

4 
restrial buildings including but not limited to houses, office 
buildings, skyscrapers, and others, as well as buildings 
intended for use in outer space, such as but not limited to 
space stations, lunar modules, or any other kind of extra-
terrestrial habitat. The advantageous embodiments might also 
be applied to vehicles, buildings, or other thermal systems 
whether or not the vehicle, building, or other thermal system 
is a closed thermal system. 

The models that may be generated using the advantageous 
embodiments may be used in the manufacturing of any of the 
above vehicles or buildings. Thus, for example, a building or 
a vehicle may be built based on, at least in part, designs that 
are generated according to the thermal models described 
herein. Thus, a vehicle or a building may be considered an 
advantageous embodiment of the systems described herein. 
Additionally, while the advantageous embodiments may be 
described as a computer program, the advantageous embodi-
ments may also take a physical form in terms of both a purely 
hardware embodiment or a physical manufactured object. 

FIG. 1 is an illustration of a block diagram of a thermal 
fluid analysis system environment in which an advantageous 
embodiment may be implemented. The thermal fluid system 
analysis environment 100 shown in FIG. 1 may be imple-
mented as or in one or more data processing systems, such as 
those shown in FIG. 2. Thermal fluid system analysis envi-
ronment 100 may include a number of inputs 102 to be used 
in a thermal analysis of structure 104. Structure 104 may 
include number of components 106 through which heat trans-
fer 108 may occur via a thermal fluid. The "number of com-
ponents" may be all or some of the components. 

As used herein, a number of items means one or more 
items. For example, a number of components 106 may be one 
or more components. Number of components 106 may 
include, for example, at least one of, tubes, pipes, heat 
exchangers, cold plates, radiators, and other suitable compo-
nents. 

As used herein, the phrase "at least one of', when used with 
a list of items, means that different combinations of one or 
more of the listed items may be used and only one of each item 
in the list may be needed. For example, "at least one of item 
A, item B, and item C" may include, for example, without 
limitation, item A or item A and item B. This example also 
may include item A, item B, and item C, or item B and item C. 
In other examples, "at least one of may be, for example, 
without limitation, two of item A, one of item B, and ten of 
item C; four of item B and seven of item C; and other suitable 
combinations. 

In an illustrative example, number of inputs 102 includes 
heat load profile input file 110, radiator flux timeline input file 
112, model input file 114, event timeline input file 116, and 
payload heat load profile input file 118. Other inputs may be 
provided to thermal fluid system analysis environment 100. 
Thermal fluid system analysis environment 100 may include 
computer system 120. Computer system 120 may have a 
number of computers 122. Thermal fluid system analysis 
environment 100 may run on number of computers 122 in 
computer system 120. 

In these examples, thermal fluid system analysis environ-
ment 100 maybe implemented in program code or as a system 
or as hardware. Thermal fluid system analysis environment 
may include Transport Analysis System (TAS)124. Whilethe 
advantageous embodiments may describe the thermal fluid 
analysis system as computer readable code, in other advan-
tageous embodiments the TAS 124 may also be embodied in 
a purely hardware embodiment or as some other system. 
Thermal fluid system analysis environment 100 may also 
include an arrangement of compartment spaces, tubes, splits, 
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pumps, and other components through which a fluid might 
flow. Number of inputs 102 maybe provided to orretrieved by 
TAS 124. TAS 124 may perform a variety of calculations, 
described further herein, to produce TAS output file 126. TAS 
output file 126 may be a description of how heat in a fluid, 5 

such as air, flows and behaves in a given environment which 
had been input into TAS 124. The TAS output file 126 may 
include temperatures, flow rates, pressures, delta pressures, 
tank quantities, and gas quantities in the air, along with air 
scrubbing component performance. 10 

In another advantageous embodiment TAS 124 may also 
produce a delta pressure output file 128. The delta pressure 
output file 128 may describe changes in fluid pressure in 
different components through which the fluid flows. 

In an advantageous embodiment, the TAS 124 may be C++ 15 

software that is used for analysis of thermal fluid systems. 
TAS's solution process may assume that the tubes in the 
system are well insulated so that only the heat transfer 
between fluid and tube wall and between adjacent tubes is 
modeled. The system described in the model input file 114 20 

may be for structure 104. Model input file 114 may be broken 
down into number of components 106 for structure 104. Solu-
tion vector 130 may be built from number of components 106 
in model input file 114. This solution vector 130 may be a list 
of components in the order of their inlet dependency on other 25 

components. Heat transfer 108 in structure 104 may then be 
simulated with fluid being transferred from one component to 
the next over a number of time steps. 

Solution vector 130 for number of components 106 in the 
model input file 114 may be built at the initiation of the 30 

execution of the TAS 124. Parameters for number of compo-
nents 106 may be updated in the order in which they appear in 
the list at every time step. 

The model may also include computing the largest time 
step usable with the defined inputs to simulate flow through 35 

the system as the flow reacts to other defined inputs on the 
system being modeled. The solution vector 130 and the model 
may allow TAS 124 to compute, through multiple quick itera-
tions for the time period of the run, multiple output param-
eters used for analysis for every part of the defined system in 40 

a few minutes, even for analysis of time periods of three to 
four hundred hours of thermal fluid flow time, as opposed to 
multiple hours using other techniques. 

Once the solution vector 130 has been determined, TAS 
124 may cycle through the components in the solution vector, 45 

executing their outlet function for each time step increment. 
In this manner, TAS 124 may predict thermal fluid system and 
component transients. 

As mentioned above, in the past separate tools were used 
for thermal fluid analysis, pressure drop analysis, and trace 50 

contaminant analysis. TAS 124 provides a single tool capable 
of performing all of these jobs, using the solution vector to 
obtain the output relatively quickly. This solution represents 
an improvement over known thermal fluid analysis systems in 
that a single tool may be used to perform a comprehensive 55 

analysis substantially more quickly than even a partial analy-
sis performed by a prior system. 

The illustration of thermal fluid system analysis environ-
ment 100 in FIG. 1 is not meant to imply physical or archi-
tectural limitations to the manner in which different advanta- 60 

geous embodiments may be implemented. Other components 
in addition and/or in place of the ones illustrated may be used. 
Some components may be unnecessary in some advanta-
geous embodiments. Also, the blocks are presented to illus-
trate some functional components. One or more of these 65 

blocks may be combined and/or divided into different blocks 
when implemented in different advantageous embodiments.  

6 
Turning now to FIG. 2, an illustration of a data processing 

system is depicted in accordance with an advantageous 
embodiment. Some, part, or all of the components shown in 
FIG. 2 may be considered computer processing means or data 
processing means. Data processing system 200 in FIG. 2 is an 
example of a data processing system that may be used to 
implement computers in computer system 120 in FIG. 1, or 
which may physically embody the advantageous embodi-
ments described herein. In this illustrative example, data pro-
cessing system 200 includes communications fabric 202, 
which provides communications between processor unit 204, 
memory 206, persistent storage 208, communications unit 
210, input/output (I/O) unit 212, and display 214. 

Processor unit 204 serves to execute instructions for soft-
ware that may be loaded into memory 206. Processor unit 204 
may be a number of processors, a multi-processor core, or 
some other type of processor, depending on the particular 
implementation. A number, as used herein with reference to 
an item, means one or more items. Further, processor unit 204 
may be implemented using a number of heterogeneous pro-
cessor systems in which a main processor is present with 
secondary processors on a single chip. As another illustrative 
example, processor unit 204 may be a symmetric multi-pro-
cessor system containing multiple processors of the same 
type. 

Memory 206 and persistent storage 208 are examples of 
storage devices 216.A storage device is any piece of hardware 
that is capable of storing information, such as, for example, 
without limitation, data, program code in functional form, 
and/or other suitable information either on a temporary basis 
and/or a permanent basis. Storage devices 216 may also be 
referred to as computer readable storage devices in these 
examples. Memory 206, in these examples, may be, for 
example, a random access memory or any other suitable 
volatile or non-volatile storage device. Persistent storage 208 
may take various forms, depending on the particular imple-
mentation. 

Persistent storage 208 may contain one or more compo-
nents or devices. For example, persistent storage 208 may be 
a hard drive, a flash memory, a rewritable optical disk, a 
rewritable magnetic tape, or some combination of the above. 
The media used by persistent storage 208 also may be remov-
able. For example, a removable hard drive may be used for 
persistent storage 208. 

Communications unit 210, in these examples, provides for 
communications with other data processing systems or 
devices. In these examples, communications unit 210 is a 
network interface card. Communications unit 210 may pro-
vide communications through the use of either or both physi-
cal and wireless communications links. 

Input/output unit 212 allows for input and output of data 
with other devices that may be connected to data processing 
system 200. For example, input/output unit 212 may provide 
a connection for user input through a keyboard, a mouse, 
and/or some other suitable input device. Further, input/output 
unit 212 may send output to a printer. Display 214 provides a 
mechanism to display information to a user. 

Instructions for the operating system, applications, and/or 
programs may be located in storage devices 216, which are in 
communication with processor unit 204 through communi-
cations fabric 202. In these illustrative examples, the instruc-
tions are in a functional form on persistent storage 208. These 
instructions may be loaded into memory 206 for execution by 
processor unit 204. The processes of the different advanta-
geous embodiments may be performed by processor unit 204 
using computer implemented instructions, which may be 
located in a memory, such as memory 206. 
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8 
These instructions are referred to as program code, com- 	hardware may perform operations without needing program 

puter usable program code, or computer readable program 	code to be loaded into memory from a storage device to be 
code that may be read and executed by a processor in proces- 	configured to perform the operations. 
sor unit 204. The program code in the different advantageous 

	
For example, when processor unit 204 takes the form of a 

embodiments may be embodied on different physical or com-  5 hardware unit, processor unit 204 may be a circuit system, an 
puter readable storage media, such as memory 206 or persis- 	application specific integrated circuit (ASIC), a program- 
tent storage 208. 	 mable logic device, or some other suitable type of hardware 

Program code 218 is located in a functional form on com- 	configured to perform a number of operations. With a pro- 
puter readable media 220 that is selectively removable and 

	
grammable logic device, the device is configured to perform 

may be loaded onto or transferred to data processing system io the number of operations. The device may be reconfigured at 
200 for execution by processor unit 204. Program code 218 

	
a later time or may be permanently configured to perform the 

and computer readable media 220 form a computer program 	number of operations. Examples of programmable logic 
product 222 in these examples. In one example, computer 

	
devices include, a programmable logic array, a field program- 

readable media 220 may be computer readable storage media 	mable logic array, a field programmable gate array, and other 
224 or computer readable signal media 226. Computer read-  15 suitable hardware devices. With this type of implementation, 
able storage media 224 may include, for example, an optical 

	
program code 218 may be omitted because the processes for 

or magnetic disk that is inserted or placed into a drive or other 	the different advantageous embodiments are implemented in 
device that is part of persistent storage 208 for transfer onto a 	a hardware unit. 
storage device, such as a hard drive, that is part of persistent 

	
In still another illustrative example, processor unit 404 may 

storage 208. Computer readable storage media 224 also may 20 be implemented using a combination of processors found in 
take the form of a persistent storage, such as a hard drive, a 	computers and hardware units. Processor unit 404 may have 
thumb drive, or a flash memory drive, that i s connected to data 	a number of hardware units and a number of processors that 
processing system 200. In some instances, computer readable 	are configured to run program code 218. With this depicted 
storage media 224 may not be removable from data process- 	example, some of the processes may be implemented in the 
ing system 200. 	 25 number of hardware units, while other processes may be 

Alternatively, program code 218 may be transferred to data 
	

implemented in the number of processors. 
processing system 200 using computer readable signal media 

	
As another example, a storage device in data processing 

226. Computer readable signal media 226 may be, for 	system 200 is any hardware apparatus that may store data. 
example, a propagated data signal containing program code 

	
Memory 206, persistent storage 208, and computer readable 

218. For example, computer readable signal media 226 may so media 220 are examples of storage devices in a tangible form. 
be an electromagnetic signal, an optical signal, and/or any 

	
In another example, a bus system may be used to imple- 

other suitable type of signal. These signals may be transmit- 	ment communications fabric 202 and may be comprised of 
ted over communications links, such as wireless communi- 	one or more buses, such as a system bus or an input/output 
cations links, optical fiber cable, coaxial cable, a wire, and/or 

	
bus. Of course, the bus system may be implemented using any 

any other suitable type of communications link. In other 35 suitable type of architecture that provides for a transfer of data 
words, the communications link and/or the connection may 

	
between different components or devices attached to the bus 

be physical or wireless in the illustrative examples. 	 system. Additionally, a communications unit may include one 
In some advantageous embodiments, program code 218 

	
or more devices used to transmit and receive data, such as a 

may be downloaded over a network to persistent storage 208 
	

modem or a network adapter. Further, a memory may be, for 
from another device or data processing system through com-  40 example, memory 206, or a cache, such as found in an inter- 
puter readable signal media 226 for use within data process- 	face and memory controller hub that may be present in com- 
ing system 200. For instance, program code stored in a com- 	munications fabric 202. 
puter readable storage medium in a server data processing 

	
FIG. 3 is an illustration of a block diagram of a small 

system may be downloaded over a network from the server to 	system loop depicted in accordance with an advantageous 
data processing system 200. The data processing system pro-  45 embodiment. Small system loop 300 may be an arrangement 
viding program code 218 may be a server computer, a client 	of components through which a fluid flows, and may be 
computer, or some other device capable of storing and trans- 	considered a possible input for use in a TAS, such as TAS 124 
mitting program code 218. 	 in FIG. 1. Small system loop 300 might form part of a model 

The different components illustrated for data processing 
	

input file, such as model input file 114 in FIG. 1. 
system 200 are not meant to provide architectural limitations 50 	In the non-limiting advantageous embodiment shown in 
to the manner in which different advantageous embodiments 

	
FIG. 3, small system loop 300 includes a number of compo- 

may be implemented. The different advantageous embodi- 	nents arranged as shown. In particular, pump 302 pumps fluid 
ments may be implemented in a data processing system 	throughtube one 304 to carbon dioxide scrubber 306. In turn, 
including components in addition to or in place of those 

	
fluid flows from carbon dioxide scrubber 306 through tube 

illustrated for data processing system 200. Other components 55 two 308 to split 310. The fluid then flows from split 310 
shown in FIG. 2 can be varied from the illustrative examples 	through tube three 312 and tube five 318. The fluid flows from 
shown. The different advantageous embodiments may be 	tube three 312 to crew cabin 314 through tube 4 316 and then 
implemented using any hardware device or system capable of 

	
to junction 320. The fluid also flows from split 310 through 

running program code. As one example, the data processing 	tube five 318 straight to junction 320. From junction 320, the 
system may include organic components integrated with inor-  60 fluid flows through tube 6 322 back to pump 302. 
ganic components and/or may be comprised entirely of 

	
In one advantageous embodiment, TAS 124 in FIG. 1 

organic components excluding a human being. For example, 	might not use finite differencing. Instead, the TAS 124 solu- 
a storage device may be comprised of an organic semicon- 	tion process may assume that the tubes in the system are well 
ductor. 	 insulated so that only the heat transfer between the fluid and 

In another illustrative example, processor unit 204 may 65 tube wall and between adjacent tubes is modeled. The system 
take the form of a hardware unit that has circuits that are 

	
described in the model file, such as model input file 114 in 

manufactured or configured for a particular use. This type of 
	

FIG. 1, is broken down into its individual components such as 
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tubes, cold plates, heat exchangers, and others. A solution 
vector may be built from the components, and flow may then 
be simulated with fluid being transferred from one compo-
nent to the next. 

The solution vector of components in the model file may be 5  
built at the initiation of execution of the TAS 124 in FIG. 1. 
This solution vector may be a list of components in the order 
of their inlet dependency on other components. The compo-
nent parameters may be updated in the order in which they 
appear in the list at every time step. Small system loop 300 l0 

may be used to illustrate how such a solution vector might be 
built. The solution vector for the small system loop 300 could 
be as follows: 1. pump; 2. tube 1; 3. CO z  scrubber; 4. tube 2; 
5. split; 6. tube 5; 7. tube 3; 8. crew cabin; 9. tube 4; 10. 15  
junction; and 11. tube 6. 

In this solution vector, after tube 5 (operation 6) the junc-
tion of the model (operation 10) may not have all the neces-
sary information to be processed. For example, the junction of 
the model might need a valid solution from tube 4 (operation 20 

9). In this case, the solution routine used in the TAS 124 in 
FIG. 1 may be a recursive function. This recursive function 
may call itself in the split (operation 5) and upon reaching the 
junction (operation 10), may return to the split to process the 
remaining components: tube 3 (operation 7), crew cabin (op- 25 

eration 8), and tube 4 (operation 9). In this manner, all the 
information needed to process the junction may be included. 

FIG. 4 is an illustration of a block diagram of an internal 
loop depicted in accordance with an advantageous embodi-
ment. Internal loop 400 may be an arrangement of compo- 30 

nents through which a fluid flows, and may be considered a 
possible input for use in a TAS, such as TAS 124 in FIG. 1. 
Internal loop 400 might form part of a model input file, such 
as model input file 114 in FIG. 1. 

The process of determining a solution vector described in 35 

FIG. 3 might possibly assume that there is a pump in each 
major loop, such as an air loop, Freon loop, or other loop. The 
description of internal loop 400 addresses this possibility. 

In the non-limiting advantageous embodiment of FIG. 4, 
internal loop 400 includes a number of components arranged 40 

as shown. In particular, pump 402 forces fluid through tube 
one 404 to junction 406. Fluid flows from tube four 408 to 
crew cabin 410. In turn, fluid flows from crew cabin 410 
through tube three 412 to split 414. Fluid flows from split 414 
through both tube five 416 and tube six 418. Fluid through 45 

tube five 416 flows to junction 406, whereas fluid through 
tube six 418 flows back to pump 402. 

The solution vector determination process described in 
FIG. 3 might not work for the internal loop 400 shown in FIG. 
4. Internal loop 400 might require iteration, which may be 50 

possible in TAS 124 in FIG.1 through the use of a crew cabin 
to form the resulting split from the internal loop. Thus, this 
situation may cause an infinite looping process within the 
solution vector determination process. In turn, the infinite 
looping process might result in the premature termination of 55 

the TAS run. However, if the split component is replaced with 
a crew cabin component, TAS 124 in FIG.1 can complete the 
solution vector and avoid premature termination. Note that 
two loops can interface with each other through heat exchang-
ers, as in the example shown in FIG. 5. 60 

FIG. 5 is an illustration of a block diagram of a multi-loop 
depicted in accordance with an advantageous embodiment. 
Multi-loop 500 may be an arrangement of components 
through which a fluid flows, and maybe considered a possible 
input for use in a TAS, such as TAS 124 in FIG. 1. Multi-loop 65 

500 might form part of a model input file, such as model input 
file 114 in FIG. 1. 

In the non-limiting advantageous embodiment shown in 
FIG. 5, multi-loop 500 includes a number of components 
arranged as shown. In particular, pump 502 forces fluid 
through tube one 504 to heat exchanger 506. Fluid flows from 
heat exchanger 506 through tube two 508 back to pump 502. 
However, the fluid also flows from heat exchanger 506 
through tube three 510 to pump 512. Pump 512 forces fluid 
through tube four 514 back to heat exchanger 506. Pump 502, 
tube one 504, heat exchanger 506, and tube two 508 may be 
considered to form "loop A" 516. Likewise, components tube 
three 510, pump 512, and tube four 514 may be considered to 
form "loop B" 518. 

In the non-limiting advantageous embodiment of FIG. 5, if 
the solution vector determination process for loop A 516 is 
started first, TAS 124 in FIG. 1 may recognize that the solu-
tion for tube 4 has not been solved for when the fluid reaches 
the heat exchanger 506. At this point, the solution process for 
loop A 516 may be suspended. However, the solution process 
for loop B 518 may be started and completed because the heat 
exchanger's loop A 516 side has been solved for one or more 
components in loop A 516, such as tube one 504. Once pro-
cessing for loop B 518 is completed, the solution process for 
loop A 516 may be resumed, at the point it was suspended, 
and completed. 

At the initiation of execution, TAS 124 in FIG. 1 may 
automatically determine the appropriate time step to be used 
during processing. In an advantageous embodiment, the 
appropriate time step may be the largest time step, though any 
particular time step might be considered the "appropriate" 
time step in other advantageous embodiments. In the case of 
the "largest time step," the "largest" time step may be the time 
used to displace the volume of fluid in the largest mainline 
tube. All the loops in an input model file may be investigated 
to find the largest mainline tube. The largest mainline tube 
may be used because the amount of fluid passed through the 
mainline tube in one time step is equal to or less than its 
volume, thereby guaranteeing that all the fluid is accounted. 

TAS 124 in FIG. 1 may execute using the model, and as a 
result may produce an output file after each loop's solution 
vector is found. The components in the solution vector may 
have an outlet function that computes all of the outlet param-
eters associated with each component at a given time. Once 
the solution vectors have been determined, TAS 124 in FIG.1 
may cycle through the components in the solution vector, 
executing their outlet function for each time step increment. 

FIG. 6 is an illustration of a diagram demonstrating XGas 
propagation theory depicted in accordance with an advanta-
geous embodiment. In an advantageous embodiment, FIG. 6 
demonstrates the physical assumptions operating in an XGas 
concentration calculation. This theory may be included in a 
model input file, such as model input file 114 in FIG. 1. This 
theory may be taken into consideration when calculating 
solution vectors, such as those described with respect to 
FIGS. 3-5. 

In an advantageous embodiment, trace contaminant 
(XGas) simulation may be modeled in the TAS 124 of FIG.1 
by integrating the physics of trace contaminant mixing and 
removal with the physical properties of each TAS model 
element and the TAS solution methods described above. In 
this manner, TAS 124 of FIG. 1 provides for a single tool 
capable of simultaneously performing an XGas simulation 
together with a thermal fluid analysis, such as the thermal 
fluid analyses described with respect to FIGS. 3-5. 

In a like manner, TAS 124 of FIG. 1 may also integrate 
other factors with the generated solution vectors described 
above, with the other factors including but not limited to 
thermal fluid analysis, pressure drop analysis, and others. 
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This integrated analysis ability of TAS 124 of FIG.1 thereby 
presents a single tool for analyzing multiple considerations 
simultaneously and quickly. These functions of TAS 124 of 
FIG. 1 stand in contrast to prior thermal fluid analysis sys-
tems, in which separate tools were used to perform analyses 5 

of these different factors, each of which were slower due to 
the use of many differential equations. 

The TAS solution method, which may assume small move-
ments of fluid elements over small, discrete time steps, may 
provide for quick, accurate transient and steady-state analy- io 
ses of trace contaminant concentrations and propagation rates 
using uniform mixing assumptions. Solutions to contaminant 
bulk concentration problems may be arrived at in times far 
less than those used by computational fluid dynamics (CFD) 
solvers. In addition to contaminant introduction routines, the 15 

XGas module may use known trace contaminant hardware 
scrubbing efficiencies and also integrate these routines in the 
solution method. Removal efficiencies may be calculated for 
each contaminant scrubber at each time step and applied to 
the bulk concentration calculation for the element. 20 

This approach allows for tracking of varying contaminant 
concentrations for any modeling element at any model time. 
Furthermore, as the TAS model input is text-based and event-
driven, this approach also allows for convenient user-modifi-
cation of all parameters pertaining to contaminant introduc- 25 

tion and removal, as well as more effective modeling of series 
of events, compared to similar standalone programs. 

XGas concentrations may equalize between each TAS 
modeling element, or heat transfer element (HTE), in a gas 
loop and move from areas of high concentration to areas of 30 

low concentration. XGases may be assumed to be trace in 
their nature and do not make any thermal or pressure contri-
butions to the working fluid. Time-dependent transfer may be 
simulated by assuming small movements of gases at small, 
discrete time steps. XGases may be assumed to mix com- 35 

pletely with the working fluid during each time step. The rate 
of XGas transfer between HTEs is dependent on the mass-
based concentration of each XGas in the HTE, the working 
fluid's flow rate, and the volume of each HTE, if applicable. 
FIG. 6 demonstrates the physical assumptions operating in 40 

XGas concentration calculation. 
The TAS 124 of FIG. 1 may contain several routines to 

simulate atmospheric scrubbing of trace contaminants. The 
contaminant concentration for a given volume may be calcu-
lated based on the device configuration, contaminant genera- 45 

tion rate, contaminant removal rate, removal device effi-
ciency, and other specific information relevant to that time 
increment. In an advantageous embodiment, small time 
increments may yield the most accurate solution for a given 
simulation. However, due to possible computer processing 50 

limits, a larger time increment may be used in conjunction 
with a Newton-Raphson convergence routine to reduce com-
puter runtime when calculating a solution. TAS may improve 
on this calculation speed by utilizing not only current PC 
processing speeds, but also the sufficiently small time-step of 55 

the TAS solution method. For example, using just the single 
TAS 124 of FIG. 1 to perform such a simulation, about 10 
seconds might be used to model the current space shuttle, 
whereas several minutes or hours may be required for prior 
systems to perform the same analysis through the inconve- 60 

nient use of multiple software tools. 
Routines for calculating contaminant removal efficiencies 

for several common spacecraft scrubbing devices, such as 
granularly-activated charcoal, catalytic oxidizers, condens-
ing heat exchangers, and others, may be included in the TAS. 65 

In general, all of the routines calculate an XGas removal 
efficiency based on factors such as contaminant physical  
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properties, inlet concentrations, mass of contaminants previ-
ously removed, flow rate, temperature, device geometries, 
and possibly other factors. XGas outlet concentrations for 
each HTE at each time step may be calculated based on this 
efficiency. As with XGas introduction routines, all aspects of 
scrubber device performance may be controlled on a per-
event basis via the text-based TAS inputs 102 in FIG. 1. 

Turning again to the non-limiting advantageous embodi-
ment of FIG. 6, gas flow system 600 illustrates XGas flow 
through crew cabin 602. Input one 604 represents XGas inlet 
concentration X, of a first XGas. Input two 606 represents 
XGas inlet concentration X 2  of a second XGas. Input three 
608 represents XGas inlet concentration X 3  of a third XGas. 
In each case, the terms m al , mat, and ma3 , represent the 
corresponding inlet air mass flow rate. Together, input one 
604, input two 606, and input three 608 form the total XGas 
cabin inlet concentration X,, at total flow rate m a. Crew cabin 
602 begins at an initial XGas cabin concentration, X o  and 
total cabin air mass, m ao . mg  Represents the XGas introduc-
tion rate. Output one 610 and output two 612 represent the 
total XGas outlet concentration, X., 

In this case, the total X,, may be evaluated according to the 
equation: 

Xn (Xi *mai+Xz *maz+X3 *ma3)1ma 

The XGas mass entering is X „*m a*dt. The XGas mass 
leaving is Xo *ma *dt. The initial XGas mass is X o *mao . The 
XGas mass added is mg*dt. The new cabin XGas mass maybe 
X out*mao. These values may be related according to the equa-
tion: 

X„ *ma *dt+X *ma *dt+X *mao+mg*dt X, F,*mao . 

This equation may be solved for X., and all crew cabin 
outlet concentrations may be set to this value. 

Applicable program code or a hardware configuration for 
XGas removal may be found in FIGS. 11-22. The code 
described herein is an example only, and other code and 
different inputs might be used. 

FIG. 7 is an illustration of a graph of non-limiting output of 
a thermal fluid analysis system performed according to the 
techniques described herein depicted in accordance with an 
advantageous embodiment. Graph 700 shows flight deck 
XGas concentration to quantity in parts per million for a 
model performed for the space shuttle. Graph 700 represents 
one possible output after executing TAS 124 of FIG. 1, for 
which five different XGas contaminants were introduced into 
the orbiter. TAS modeled the effectiveness of the cabin heat 
exchanger in removing the contaminants for the duration of a 
mission. 

FIG. 8 is an illustration of a flowchart illustrating a process 
of performing a thermal fluid analysis and a manufacturing 
method depicted in accordance with an advantageous 
embodiment. The flow shown in FIG. 8 may be implemented 
in thermal fluid analysis system environment 100 in FIG. 1, as 
well as in one or more computers such as those shown in FIG. 
2. The flow shown in FIG. 8 may be implemented with regard 
to the models shown in FIG. 3-5 or 9, and further may include 
the XGas theory shown in FIG. 6, and may have an output 
such as that shown in FIG. 7. 

The process begins as TAS receives a model file (operation 
802). The TAS then breaks down the system described in the 
model file into individual components (operation 804). The 
TAS then builds a solution vector from the components (op-
eration 806). Examples of solution vectors are described 
above in FIGS. 3-5. 

The TAS then, beginning at an initial time, simulates flow 
with fluid being transferred from one component to the next 
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(operation 808). The TAS updates component parameters in 
the order in which they appear in a list (operation 810). 

The TAS then determines whether another time step should 
be calculated (operation 812). If the determination at opera-
tion 812 is "yes," then the TAS returns to operation 808 and 5 

the process repeats. If the determination at operation 812 is 
"no," then the TAS predicts thermal fluid system and compo-
nent transients (operation 814). The TAS outputs the results 
as a thermal fluid model (operation 816). Optionally, in the 
case of a method of manufacture, the method may further io 
include manufacturing or modifying of one of a vehicle and a 
building using the thermal fluid model (operation 818). The 
process terminates thereafter. 

The flowcharts and block diagrams in the different 
depicted advantageous embodiments illustrate the architec- 15 

ture, functionality, and operation of some possible implemen-
tations of apparatus and methods in different advantageous 
embodiments. In this regard, each block in the flowchart or 
block diagrams may represent a module, segment, function, 
and/or a portion of an operation or step. For example, one or 20 

more of the blocks may be implemented as program code, in 
hardware, or a combination of the program code and hard-
ware. When implemented in hardware, the hardware may, for 
example, take the form of integrated circuits that are manu-
factured or configured to perform one or more operations in 25 

the flowcharts or block diagrams. 
In some alternative implementations, the function or func-

tions noted in theblock may occur out of the order noted in the 
figures. For example, in some cases, two blocks shown in 
succession may be executed substantially concurrently, or the 30 

blocks may sometimes be executed in the reverse order, 
depending upon the functionality involved. Also, other blocks 
may be added in addition to the illustrated blocks in a flow-
chart or block diagram. 

FIG. 9 is an illustration of a block diagram of a thermal 35 

fluid system modeler depicted in accordance with an advan-
tageous embodiment. The thermal fluid modeling system 900 
shown in FIG. 9 maybe implemented as or in one or more data 
processing systems, such as those shown in FIG. 2. Thermal 
fluid modeling system 900 may include a modeler 902 which 40 

includes a plurality of individual components 904, such as the 
solution vector 130 and number of components 106 described 
above with respect to FIG. 1. 

Thermal fluid modeling system 900 may also include a 
solution vector 906 configured from the plurality of indi- 45 

vidual components. The plurality of individual components 
904 may be ordered as a function of one or more inlet depen-
dencies 908. 

Fluid flow simulator 910 may be adapted to simulate ther-
mal energy being communicated with the flowing fluid and 50 

between first and second components of the plurality of indi-
vidual components 904. The simulation may extend from an 
initial time to a later time step and may bound heat transfer to 
be substantially between the flowing fluid, walls of tubes 
formed in each of the individual components of the plurality, 55 

and between adjacent tubes. Thermal fluid modeling system 
900 may also include a component updater 912 configured to 
update component parameters of the solution vector 906 with 
simulation results for each of the plurality of individual com-
ponents 904 of the simulation. As a result, an updated plural- 60 

ity of individual components 914 may be obtained. In the end 
a thermal fluid model 916 may be the result of the operation 
of thermal fluid modeling system 900. 

FIG. 10 is an illustration of a flowchart illustrating a pro-
cess of performing a thermal fluid analysis depicted in accor- 65 

dance with an advantageous embodiment. The flow shown in 
FIG. 10 may be implemented in thermal fluid analysis system 

environment 100 in FIG. 1, or thermal fluid modeling system 
900, as well as in one or more computers such as those shown 
in FIG. 2. The flow shown in FIG. 10 may be implemented 
with regard to the models shown in FIGS. 3-5 or FIG. 9. 

The process begins with modeling a thermal fluid system as 
a plurality of individual components (operation 1002). A 
solution vector is configured from the plurality of individual 
components (operation 1004). A flow of fluid is simulated 
from a first component in the plurality of individual compo-
nents to a second component in the plurality of individual 
components (operation 1006). The component parameters 
are updated with simulation results (operation 1008). The 
flow of fluid simulation is advanced according to a time step 
(operation 1010). The flow of fluid is re-simulated from the 
first component to the second component and the component 
parameters are re-updated (operation 1012). The result of the 
flow to this point may be a thermal fluid model. Optionally, 
when building objects, one of manufacturing or modification 
may be performed with respect to one of a vehicle and a 
building using the thermal fluid model (operation 1014). The 
process terminates thereafter. 

FIGS. 11 through 22 are illustrations of pseudo code for 
how to encode an XGas propagation theory in the advanta-
geous embodiments described herein, in accordance with an 
advantageous embodiment. The pseudo code shown may be 
considered an example of how to encode the processes 
described with respect to FIG. 6. This pseudo code is a non-
limiting example, as other code couldbe generated depending 
on a particular implementation. Furthermore, TAS may incor-
porate both the following pseudo code, as well code for many 
other routines and subroutines in order to facilitate modeling 
of many simultaneous considerations. 

FIG. 11 illustrates pseudo code for a function to calculate 
and set new concentrations of XGasses in HTE based on inlet 
concentration, outlet concentration, dt, total mass of air, total 
air mass for the previous calculation, mass flow rate of air, and 
rate or amount of introduced gas. FIG. 12 illustrates a sub-
routine for getting a main outlet pointer to cycle through 
available gas names. FIG. 13 illustrates a subroutine for cal-
culating an average outlet for each gas. FIG. 14 illustrates a 
subroutine for a single, instantaneous instance of gas intro-
duction by amount (lbs). FIG. 15 illustrates a subroutine for 
gas introduction by rate (lbs/hr) but not limited by amount. 
FIG. 16 illustrates a subroutine for gas introduction by rate 
(lbs/hr) that is limited to a specified amount. FIG. 17 illus-
trates a subroutine for adjusting concentration for increasing 
fluid mass (e.g, clean air repress). 

FIGS. 18A-18F illustrates a subroutine for XGas Removal. 
In particular, this function calls routines for gathering 
removal efficiencies and setting outlet concentrations for 
each XGas passing through an air scrubber. Function calls are 
based on the type of air scrubber, defined by the "method" 
variable. 

FIG. 19 illustrates a subroutine for returning the removal 
efficiency of trace contaminants in untreated, Barnebey-Sut-
cliffe type BD granular activated charcoal. Physical adsorp-
tion is an equilibrium process which depends on variables 
such as the contaminant vapor pressure, inlet concentration, 
molar volume, and cabin temperature. Robell developed a 
correlation between these physical parameters which yield an 
adsorption potential factor. Empirical equations relate this 
adsorption potential factor to a potential adsorption zone 
length, or the length of charcoal material available for satu-
ration by a contaminant with the given physical characteris-
tics. Further empirical equations relate the adsorption zone 
length to the rate of charcoal bed use. The removal efficiency 
is based on the actual adsorption zone length available and the 
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adsorption zone length potential. To calculate the removal 
efficiency, an iterative loop may be utilized as bed length 
utilized is a function of efficiency and efficiency is a function 
of available length (and thus bed utilized). 

FIG. 20 illustrates a subroutine for an adsorption potential 
factor calculation based on the Polanyi Potential Theory and 
the Gibbs equation: A—(T/Vm)log 10(pv/pc) where T is the 
fluid temperature in K, Vm is the contaminant liquid molar 
volume in cm3/gmol, pv is the contaminant vapor pressure at 
the cabin temperature expressed in concentration units of 
mg/m3, and pc is the cabin contaminant partial pressure 
expressed in concentration units of mg/m3. 

FIG. 21 illustrates a subroutine for calculation of an 
empirical equation from NASA-TM-108456 the adsorp-
tion length increases 0.000275 m for every kgmol/cm3 of 
adsorption potential, based on testing at a 1.3 ft/min bed 
velocity. The adsorption length (Lads) at any bed velocity 
(BV) is related to the adsorption length at 1.3 ft/min (Lads 1.3) 
by the equation Lads=LadsL3*pow((BV/1.3),0.8), again 
derived from testing. 

FIG. 22 illustrates a subroutine for calculating, as the avail-
able adsorption length approaches the predicted adsorption 
length, efficiency drops according to the following equation. 
This is a curve fit for an exponential curve including the point 
(1, 0.90), or an adsorption zone length for ninety percent 
removal. 

effav-eff_max* (1-exp(-2.3025 851 * (avail_ad-
sorpt_len/adsorpt_zone_len))); 

Bed length utilized is a function of efficiency and efficiency 
is a function of available length (and thus bed utilized). Iterate 
to find equilibrium efficiency (calculate average available bed 
length in each loop). 

The advantageous embodiments described herein provide 
for breaking down a model file into its individual compo-
nents, which might be tubes, cold plates, heat exchangers, and 
other components of a thermal system. A solution vector may 
be built from the components and flow may then be simulated 
with fluid being transferred from one component to the next. 
The solution vector of components in the model file may be 
built at the initiation of the run. This solution vector may be a 
list of components in the order of their inlet dependency on 
other components. The component parameters may be 
updated in the order in which they appear in the list at every 
time step. 

As a result of analyzing the solution vector and other ele-
ments of the model file, an approximation of the behavior of 
the thermal fluid system may be output for storage or for 
review by a user. In the case of a vehicle, such as the space 
shuttle, an approximate model may be created regarding how 
heated air flows through the various compartments of the 
space shuttle. Similar models may be generated for other 
vehicles or for buildings. The model may be used to deter-
mine whether thermal fluid flow may be considered accept-
able, or whether changing the design of the closed thermal 
system might be desirable. Because this analysis may be 
performed quickly and efficiently using the advantageous 
embodiments described herein, the advantageous embodi-
ments may reduce the time and expense of designing and 
manufacturing closed thermal fluid systems, such as but not 
limited to the space shuttle. 

The different advantageous embodiments can take the 
form of an entirely hardware advantageous embodiment, an 
entirely software advantageous embodiment, or an advanta-
geous embodiment containing both hardware and software 
elements. Some advantageous embodiments are imple- 
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mented in software, which includes but is not limited to 
forms, such as, for example, firmware, resident software, and 
microcode. 

Furthermore, the different advantageous embodiments can 
5  take the form of a computer program product accessible from 

a computer usable or computer readable medium providing 
program code for use by or in connection with a computer or 
any device or system that executes instructions. For the pur- 

10  poses of this disclosure, a computer-usable or computer read-
able medium can generally be any tangible apparatus that can 
contain, store, communicate, propagate, or transport the pro-
gram for use by or in connection with the instruction execu-
tion system, apparatus, or device. 

15 The computer usable or computer readable medium canbe, 
for example, without limitation, an electronic, magnetic, opti-
cal, electromagnetic, infrared, or semiconductor system, or a 
propagation medium. Non limiting examples of a computer-
readable medium include a semiconductor or solid state 

20 memory, magnetic tape, a removable computer diskette, a 
random access memory (RAM), a read-only memory (ROM), 
a rigid magnetic disk, and an optical disk. Optical disks may 
include compact disk-read only memory (CD-ROM), com-
pact disk-read/write (CD-R/W), and DVD. 

25 Further, a computer usable or computer readable medium 
may contain or store a computer readable or usable program 
code such that when the computer readable or usable program 
code is executed on a computer, the execution of this com-
puter readable or usable program code causes the computer to 

30 transmit another computer readable or usable program code 
over a communications link. This communications link may 
use a medium that is, for example without limitation, physical 
or wireless. 

A data processing system suitable for storing and/or 
35 executing computer readable or computer usable program 

code will include one or more processors coupled directly or 
indirectly to memory elements through a communications 
fabric, such as a system bus. The memory elements may 
include local memory employed during actual execution of 

40 the program code, bulk storage, and cache memories which 
provide temporary storage of at least some computer readable 
or computer usable program code to reduce the number of 
times code may be retrieved from bulk storage during execu-
tion of the code. 

45 	Input/output, or I/O devices, can be coupled to the system 
either directly or through intervening I/O controllers. These 
devices may include, for example, without limitation to key-
boards, touch screen displays, and pointing devices. Different 
communications adapters may also be coupled to the system 

50 to enable the data processing system to become coupled to 
other data processing systems or remote printers or storage 
devices through intervening private or public networks. Non-
limiting examples are modems and network adapters are just 
a few of the currently available types of communications 

55 adapters. 
The description of the different advantageous embodi-

ments has been presented for purposes of illustration and 
description, and is not intended to be exhaustive or limited to 
the advantageous embodiments in the form disclosed. Many 

60 modifications and variations will be apparent to those of 
ordinary skill in the art. Further, different advantageous 
embodiments may provide different advantages as compared 
to other advantageous embodiments. The advantageous 
embodiment or embodiments selected are chosen and 

65 described in order to best explain the principles of the advan-
tageous embodiments, the practical application, and to enable 
others of ordinary skill in the art to understand the disclosure 
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for various advantageous embodiments with various modifi-
cations as are suited to the particular use contemplated. 

What is claimed is: 
1. A thermal fluid modeling system, comprising: 
a thermal fluid system modeler including a plurality of 5 

individual components; 
a solution vector configured from the plurality of indi-

vidual components and being ordered as a function of 
one or more inlet dependencies of the plurality of indi-
vidual components; 10 

a fluid flow simulator, embodied as one of a processor and 
program code residing on a non-transitory computer 
readable storage medium, adapted to simulate thermal 
energy being communicated with the flowing fluid and 
between first and second components of the plurality of 15 

individual components, wherein the simulation extends 
from an initial time to a later time step and bounds heat 
transfer to be only between the flowing fluid, walls of 
tubes formed in each of the individual components of the 
plurality, and between adjacent tubes; and 20 

a component updater, embodied as one of the processor and 
the program code residing on the non-transitory com-
puter readable storage medium, configured to update 
component parameters of the solution vector with simu-
lation results for each of the plurality of individual com- 25 

ponents of the simulation; 
wherein the component updater produces an updated solu-

tion vector with the simulation results, wherein the ther-
mal modeling system further produces a thermal fluid 
model based on the updated solution vector, and wherein 30 

the thermal fluid modeler simultaneously performs all of 
a thermal fluid analysis, a pressure drop analysis, and a 
trace contaminant analysis based on the updated solu-
tion vector. 

2. The thermal fluid modeling system of claim 1, wherein 35 

the fluid flow simulator is further adapted to re-simulate the 
flow of fluid from the first component to the second compo-
nent and re-update the component parameters with respect to 
the later time step. 

3. The thermal fluid modeling system of claim 1, wherein 40 

the simulation results comprises temperatures, flow rates, 
pressures, changes in pressure, tank quantities, and gas quan-
tities, along with air scrubbing component performance. 

4. A method for modeling a thermal fluid system, the 
method comprising: 	 45 

modeling, using a physical processor, a thermal fluid sys- 
tem as a plurality of individual components; 

configuring, using the physical processor, a solution vector 
from the plurality of individual components, the solution 
vector including a list of the plurality of individual com- 50 

ponents in an order of inlet dependency of the plurality 
of individual components; 

simulating, using the physical processor, a flow of fluid 
from a first component in the plurality of individual 
components to a second component in the plurality of 55 

individual components, with the simulation beginning at 
an initial time and assuming that tubes in the plurality of 
individual components are well insulated so that, with 
respect to the tubes, heat transfers only between the fluid 
and a given tube wall and between the fluid and between 60 

adjacent tubes; 
updating, using the physical processor, component param-

eters with simulation results to produce an updated solu-
tion vector; 

producing a thermal fluid model based on the updated 65 

solution vector; 

18 
performing, simultaneously, all of a thermal fluid analysis, 

a pressure drop analysis, and a trace contaminant analy-
sis based on the updated solution vector; 

advancing, using the physical processor, the flow of fluid 
simulation according to a another time step; and 

re-simulating, using the physical processor, the flow of 
fluid from the first component to the second component, 
re-updating the component parameters, and re-perform-
ing, simultaneously, all the thermal fluid analysis, the 
pressure drop analysis, and the trace contaminant analy-
sis. 

5. The method of claim 4 further comprising: 
predicting component transients of the thermal fluid sys-

tem. 
6. The method of claim 4, wherein simulation results com-

prises temperatures, flow rates, pressures, changes in pres-
sure, tank quantities, and gas quantities, along with air scrub-
bing component performance. 

7. The method of claim 4, wherein the method is performed 
using a single software tool. 

8. A method for one of manufacturing or modification of 
one of a vehicle and a building, the method comprising: 

modeling, using a physical processor, a thermal fluid sys- 
tem as a plurality of individual components of the one of 
the vehicle and the building; 

configuring, using the physical processor, a solution vector 
from the plurality of individual components, the solution 
vector including a list of the plurality of individual com-
ponents in an order of inlet dependency of the plurality 
of individual components; 

simulating, using the physical processor, a flow of fluid 
from a first component in the plurality of individual 
components to a second component in the plurality of 
individual components, withthe simulation beginning at 
an initial time and assuming that tubes in the plurality of 
individual components are well insulated so that, with 
respect to the tubes, heat transfers only between the fluid 
and a given tube wall and between the fluid and between 
adjacent tubes; 

updating, using the physical processor, component param-
eters with simulation results to produce an updated solu-
tion vector; 

producing a thermal fluid model based on the updated 
solution vector; 

performing, simultaneously, all of a thermal fluid analysis, 
a pressure drop analysis, and a trace contaminant analy-
sis based on the updated solution vector; 

advancing, using the physical processor, the flow of fluid 
simulation according to another time step; 

re-simulating, using the physical processor, the flow of 
fluid from the first component to the second component, 
re-updating the component parameters, and re-perform-
ing, simultaneously, all the thermal fluid analysis, the 
pressure drop analysis, and the trace contaminant analy-
sis to form a re-simulation; 

producing, using the physical processor, and storing a 
result of the re-simulation; and 

performing the one of manufacturing or modification of the 
one of the vehicle and the building using the thermal 
fluid model based on the result of the re-simulation. 

9. The method of claim 8 wherein the one of the vehicle and 
the building comprises a vehicle selected from the group 
consisting of: a space vehicle, a maritime vehicle, an auto-
mobile, and a space shuttle. 


	8630830-p0001.pdf
	8630830-p0002.pdf
	8630830-p0003.pdf
	8630830-p0004.pdf
	8630830-p0005.pdf
	8630830-p0006.pdf
	8630830-p0007.pdf
	8630830-p0008.pdf
	8630830-p0009.pdf
	8630830-p0010.pdf
	8630830-p0011.pdf
	8630830-p0012.pdf
	8630830-p0013.pdf
	8630830-p0014.pdf
	8630830-p0015.pdf
	8630830-p0016.pdf
	8630830-p0017.pdf
	8630830-p0018.pdf
	8630830-p0019.pdf
	8630830-p0020.pdf
	8630830-p0021.pdf
	8630830-p0022.pdf
	8630830-p0023.pdf
	8630830-p0024.pdf
	8630830-p0025.pdf
	8630830-p0026.pdf
	8630830-p0027.pdf
	8630830-p0028.pdf
	8630830-p0029.pdf

